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Abstract 
Efficient use of nitrogen (N) is essential to decrease negative impacts of 
agriculture on the environment. This thesis evaluated the nitrogen use 
efficiency (NUE) of various wheat varieties, identified traits associated with 
high NUE and investigated the gene NAM-B1 in relation to some of these 
traits. To achieve this, a NUE concept was first developed. 
Six varieties each of winter and spring wheat (Triticum aestivum ssp. 
aestivum) at two levels of N fertilisation were studied in a one-year field 
experiment. A greenhouse experiment was performed with the same six spring 
wheat varieties at two levels of N fertilisation and three levels of drought. 
Forty-two varieties of spring wheat were grown in a climate chamber 
experiment. Furthermore, 527 wheat accessions were genotyped for their allele 
type of NAM-B1, a gene known to affect grain N concentration and senescence 
of wheat. 
The NUE concept developed here proved relevant in different experimental 
set-ups, as shown by the varieties ranking similarly in overall NUE and uptake 
efficiency in the greenhouse and the field. Associations between functional 
traits and NUE were more evident at low than at high N, suggesting that 
functional traits might be particularly useful for identifying efficient varieties 
in limiting N conditions. Grain N content was associated with chlorophyll in 
the top leaf around anthesis (measured by a SPAD chlorophyll meter) both in 
the climate chamber and in winter wheat in the field. This suggests that a high 
SPAD value in a variety can be used as an indicator of high N yield. 
Genotyping revealed that the functional allele of NAM-B1 has been 
preserved in many varieties from Denmark, Finland, Norway and Sweden, but 
not in varieties from other parts of the world. Swedish varieties with this 
functional allele did not have higher grain N concentrations, but had 
accelerated senescence and more ears. Effects of the allele in different 
environments, e.g. varying temperature and fertilisation, should be further 
investigated to determine when this allele has positive effects on grain N 
concentration and yield. 
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Abbreviations 
N Nitrogen 
NUE Nitrogen use efficiency 
UN Mean N uptake efficiency 
EN,g Grain-specific N efficiency 
CN,g Grain N concentration at final harvest 
Ns N content of seed (sown) grain 
Ng N content of produced grain at final harvest 
N' Mean plant N content during the major growth period 
Bg Biomass of produced grain at final harvest 
B Plant biomass at final harvest 
NAM-B1 No Apical Meristem B1 
GPC Grain protein concentration 
SRL Specific Root Length 
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1 Introduction 
Wheat is one of the most widely grown crops in the world, together with maize 
and rice. For example, the total worldwide production of wheat was around 
671 million tonnes on an area of 215 million ha in 2012, compared with e.g. 
production of 242 million tonnes of soybean on 105 million ha (FAOSTAT 
2014). Wheat is therefore an important source of both carbohydrates and 
protein in human and livestock nutrition (Shewry, 2009). It is estimated to 
contribute as much protein as the total annual soybean crop, or 60 million 
tonnes of protein per year (Shewry, 2009). Increased nitrogen (N) fertilisation 
in combination with e.g. shorter varieties was an important factor in the 
increases in wheat yield achieved during the 20th century (Khush, 1999). 
However, there are problems associated with N fertiliser use, because N can 
leach and cause eutrophication of water (Vitousek et al., 1997), and N 
fertilisation increases emissions of the greenhouse gas nitrous oxide (N2O) 
from agricultural soils (Bouwman et al., 2002). Volatile ammonia emissions 
from fertiliser contribute to deposition of N in unmanaged ecosystems 
(Vitousek et al., 1997). Estimates on a global scale suggest that only about 
50% of the N reaching agricultural fields is recovered in crops and their 
residues (Smil, 1999). In the UK, about 65% of available N is recovered in 
wheat crops and their residues (Sylvester-Bradley & Kindred, 2009) and 
similar recovery levels have been recorded in Australia (Fischer et al., 1993). 
Improving N use efficiency (NUE) could therefore contribute to more 
sustainable agriculture.  
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2 Aims and hypotheses 
The main aims of this thesis were to evaluate the NUE of various wheat 
varieties, identify traits associated with high NUE and investigate the gene 
NAM-B1 in relation to some of these traits. To achieve this, a NUE concept 
was first developed (Paper I), with NUE components that reflect important 
aspects of crop growth. The hypotheses tested were as follows: 
 
? There are differences in functional traits and in NUE components between 
varieties, i.e. there is variation associated with genotype which allows for 
breeding advances. Some target functional traits are leaf chlorophyll 
content, specific root length and leaf senescence parameters (Papers II, III, 
V). 
 
? NUE is determined by a suite of functional traits (Paper III). Some specific 
hypotheses were: 
o High specific root length is positively associated with N 
uptake efficiency. 
o High leaf chlorophyll is positively associated with high N 
uptake efficiency. 
o Delayed leaf senescence is associated with greater grain-
specific N efficiency and lower grain N concentration. 
 
? The functional wildtype (wt) allele of the gene NAM-B1, which is believed 
to confer increased N retranslocation and accelerated senescence, has been 
preserved in spring wheat varieties grown in Sweden and other countries at 
high latitude (Paper IV). 
 
? Varieties with the functional wt allele of the gene NAM-B1 have faster 
senescence and higher concentrations of N, iron (Fe), zinc (Zn), and 
manganese (Mn) in the grain than varieties with a non-functional allele 
(Paper V). 
14 
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3 Background 
3.1 Nitrogen use efficiency (NUE) 
Nitrogen is the mineral nutrient required in the highest concentration by plants 
(Taiz & Zeiger, 2006), while the amount of N available to the plant generally is 
limited (Elser et al., 2007). Nitrogen is therefore central for plant distribution 
(e.g. Suding et al., 2005), physiology (e.g. Evans, 1989), growth (e.g. Ågren, 
1985) and reproduction (e.g. Sinclair & Jamieson, 2006) and for that reason it 
is the main component of agricultural fertiliser. The efficiency with which the 
plant utilises N, the NUE, has gained much attention. Depending on the interest 
of the user, this efficiency has been calculated in different ways. It should also 
be noted that the ‘N’ in the abbreviation ‘NUE’ sometimes also represents 
‘nutrient’ but in this thesis NUE only refers to nitrogen use efficiency.  
3.1.1 NUE in agronomy 
According to Fageria et al. (2008), a nutrient-efficient plant is defined as one 
“that produces higher economic yield with a determined quantity of applied or 
absorbed nutrient compared to other or a standard plant under similar growing 
conditions”. This definition highlights human use of the plant, the yield and the 
economic perspective, which are central in the field of agronomy. In terms of 
calculating NUE, one common definition used in agronomy is that by Moll et 
al. (1982), according to which NUE is grain weight (Gw) divided by the N 
supply (Ns). If total N in the plant at maturity (Nt) is included, NUE can be 
further divided into at least two different components, uptake efficiency 
(Nt/Ns) and utilisation efficiency (Gw/Nt). Multiplying these two components 
yields the overall NUE (Gw/Ns). 
Somewhat bridging agronomy and ecology aspects, Siddiqi & Glass (1981) 
suggest calculating the “efficiency of utilisation” as the inverse of the internal 
nutrient concentration times the biomass (or yield). They also suggest a ratio of 
utilization efficiencies to be used as a “utilization index” for comparisons of 
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different plants (e.g. varieties). Similar approaches for comparing varieties 
have been used by others. 
3.1.2 NUE in ecology 
In (plant) ecology nutrient use efficiency was initially defined as the plant 
biomass produced per gram of nutrient in the biomass, i.e. the inverse of plant 
tissue concentration (see review by Chapin, 1980, p. 246). The time aspect was 
introduced with nitrogen productivity (Ingestad, 1979; Ågren, 1985), as the 
rate of dry matter production per unit of N in the plant in a given time (dry 
weight g-1 N day-1). Vitousek (1982) developed a definition for perennial 
systems, suggesting that nutrient use efficiency should be the “grams of 
organic matter lost from plants or permanently stored within plants per unit of 
nutrient lost or permanently stored”. Berendse & Aerts (1987) also emphasised 
the losses, or perhaps one should say the retention, of nutrients. Plant 
populations adapted to environments differing in nutrient availability often 
differ in this regard and it affects the competitive ability of plant species. 
Berendse & Aerts (1987) proposed defining NUE as the nitrogen productivity 
multiplied by the mean N residence time. Under steady-state, NUE would be 
the “dry weight which can be produced per unit of nitrogen taken up”. 
3.1.3 Differences in use of the NUE concept 
In the field of ecology, the focus of NUE seems to be what the plant does with 
the N taken up. In contrast, in the field of agronomy there is more focus on N 
in the environment. Furthermore, harvested yield is not included in the ecology 
definitions, since yield is not directly applicable for non-cultivated plants. 
These contrasts highlight differences between ecology and agronomy, and 
partly explain why NUE definitions differ between the two fields. However, a 
definition that could be used in both situations would be helpful for transfer of 
results between the two fields of research and comparisons of different crops or 
systems. Such a definition is presented in Paper I, and is also briefly 
summarised in the Methods section of this thesis. 
3.2 Plant traits related to nitrogen use 
While the plant root is the major organ involved in N uptake, the whole plant 
utilises N. In plants, N is particularly important for photosynthesis, where it is 
needed for both binding CO2 (RubisCO) and harvesting the light (chlorophyll 
and associated proteins) (Evans, 1989). Nitrogen is later transported to the 
grains. From a human perspective, grain N is important for the gluten content, 
which is responsible for the viscoelasticity of wheat dough that allows bread to 
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rise (Shewry, 2009). Since N is involved in many functions in the plant, a 
change in one level does not necessarily result in the anticipated outcome on 
the plant level. For example, one study estimated the theoretical outcome of a 
50 % increase in RubisCO mRNA-levels in soybean (Sinclair et al., 2004). If 
more N was available there would only be a 6 % increase in yield, otherwise 
there would be a 6 % decrease. Therefore studies are needed not only on 
specific physiological traits, but also on plant or crop stand level.  
Functional traits are defined as “morpho-physio-phenological traits which 
impact fitness indirectly via their effects on growth, reproduction and survival” 
(Violle et al., 2007). This definition characterizes the traits investigated in this 
thesis. 
3.2.1 Nitrogen uptake 
Plant roots take up N mainly in the form of nitrate (NO3-) and ammonium 
(NH4+), but also organic N in the form of amino acids (Näsholm et al., 2001; 
Maathuis, 2009). Since the roots are responsible for N-uptake, root 
morphology could affect the N status of the plant.  
The root system is important for access to nutrients such as N and to water 
(King et al., 2003; Wasson et al., 2012). Specific root length (SRL) is a 
measure of the length of root produced from one unit of biomass. Specific root 
length has been found to be correlated with N uptake, i.e. comparing nine 
different species of trees (Reich et al., 1998). 
Early vigour is a term used to describe the growth of cereal seedlings, e.g. 
wheat, that have more vigorous early growth. It has been measured in different 
ways in previous studies, e.g. as seedling biomass (Liao et al., 2004; 
Bertholdsson & Kolodinska Brantestam, 2009), leaf area development 
(Rebetzke et al., 2004; Maydup et al., 2012), or both (Richards & Lukacs, 
2002; Watt et al., 2005). In general, seedling root and shoot weight are often 
related. In a study on twenty varieties of Argentinian wheat, seedling root 
weight was found to be correlated to leaf area (Maydup et al., 2012). Studies in 
barley using hydroponics have shown that decreasing seedling shoot weight 
due to breeding has been accompanied by decreasing root weight 
(Bertholdsson & Kolodinska Brantestam, 2009). Furthermore, varieties with 
higher seedling root weight (in hydroponics) have higher N uptake at low 
levels of N fertilisation in the field (Bertholdsson & Kolodinska Brantestam, 
2009). Earlier studies found that a variety of wheat with early vigorous growth 
also had more vigorous roots and took up more N in pot experiments than less 
vigorous lines (Liao et al., 2004, 2006). The same line also produced greater 
shoot and root biomass in unploughed soil than a conventional cultivar (Watt et 
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al., 2005). This suggests that early vigour might be beneficial for N uptake and, 
ultimately, grain biomass and grain N.  
Nitrogen accumulates in the wheat plant with generally higher 
accumulation rates during the major growth period than during grain filling 
(Malhi et al., 2006; Baresel et al., 2008). Since uptake occurs in the root, it 
would be interesting to study the roots in later growth stages. That is difficult 
for practical reasons, but there are some data available. In a study of three 
Swiss spring wheat varieties grown in lysimeters with rhizotrons, the varieties 
differed in root growth during grain filling but there was no obvious 
connection with differences in the aboveground N fractions (Herrera et al., 
2013). Plant N uptake is also interlinked with the senescence of the plant. 
Some evidence from field experiments suggests that varieties with high post-
anthesis N uptake deviate from the commonly observed negative relationship 
between grain protein concentration and yield (Bogard et al., 2010). In such 
varieties, higher protein concentration is not associated with low yield, as is 
often the case. 
3.2.2 Biomass production and allocation 
As the plant is growing, it takes up and utilises N for photosynthesis and many 
other processes. During the time of active growth N is needed for biomass 
production, and therefore the NUE equation used in this thesis (see Chapter 4) 
considers the mean N during the major growth period and not only the N 
present in the plant at harvest.  
Within plant species, the amount of chlorophyll in the leaf per unit leaf area 
is correlated with the total leaf N per leaf area when leaf age and N fertilisation 
are varied (Evans, 1989). Growth rate, or biomass production, is affected by 
the internal N concentration (Ågren, 1985) along with environmental factors. 
One method of estimating plant N content is to measure the leaf chlorophyll 
content. The Minolta SPAD-502 chlorophyll meter (specified in Paper V) is a 
tool for assessing leaf chlorophyll in a fast, non-destructive manner. It 
measures light transmitted by the leaf at two wavelengths and calculates a ratio 
(according to manual instructions). The resulting SPAD value is related to the 
amount of chlorophyll in the leaf, but is unitless. The SPAD value of the 
uppermost leaf has been shown to be strongly correlated with leaf N and whole 
plant N in wheat in the field around stage 37-41 and stage 52-58 (Zadoks scale, 
Zadoks et al., 1974), with r-values between 0.78 and 0.93 (Peltonen et al., 
1995). The SPAD value has also been found to be correlated with grain 
biomass (Le Bail et al., 2005).  
Highlighting the close relationship between N and biomass production, it 
has been shown that the amount of N accumulated by the crop is closely 
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related to the number of grains and the yield (Sinclair & Jamieson, 2006). The 
number of grains has been found to generally be more important for wheat 
yield than the weight of the single grains (Peltonen-Sainio et al., 2007). Many 
studies indicate that the yield of wheat is in fact limited by the number of  
grains (Fischer, 2008 and references therein). The wheat ear initiates many 
florets (up to ten per spikelet), but only a fraction of these eventually develops 
to grains. Around four grains are commonly developed per spike, the rest of the 
florets are aborted prior to anthesis (Kirby, 1988). Based on experiments 
manipulating the photoperiod it has been suggested that increasing the length 
of the stem elongation could increase the number of fertile florets and thereby 
increase yields (Slafer et al., 2001). Increasing the partitioning of assimilates to 
the ears at anthesis by increasing the duration of stem elongation, and by other 
means (e.g. reduced partitioning to the peduncle and other structural biomass) 
has been suggested as a promising route for increasing wheat yields (Reynolds 
et al., 2009).  
3.2.3 Senescence 
“The process of senescence can be represented as endogenously controlled 
deteriorative changes, which are natural causes of death in cells, tissues, organs 
or organisms” (Noodén, 1988, p. 3). Senescence of plant leaves begins with 
structural changes in the chloroplasts of mesophyll cells, accompanied by 
chlorophyll degradation (Lim et al., 2007). This can easily be seen and 
monitored, since the leaves turn yellow. In wheat, whole-plant (monocarpic) 
senescence takes place after anthesis and N and other nutrients in the leaves are 
freed and transported to the developing grain (Distelfeld et al., 2014), a process 
which can be called retranslocation. Based on analysis of free N compounds in 
the grain, N seems to be transported into the grain mainly through the amino 
acid glutamine (Howarth et al., 2008). The amino acids are then used to 
synthesise other amino acids and proteins. In winter wheat, the proportion of 
the total N content in the grain originating from N stored before anthesis is 
estimated to be around 70%, but the actual value is affected by the genotype 
and the environment (Kichey et al., 2007). 
Senescence is considered a complex process which can be affected by both 
internal factors, e.g. reproduction, and external factors, e.g. nutrient limitation 
or drought (Lim et al., 2007). Nitrogen limitation and drought have been found 
to accelerate senescence in wheat. Nitrogen deficient plants complete their N 
remobilisation 7-14 days earlier than plants with higher N status, based on N 
content in the leaf (Howarth et al., 2008). The proportions of different 
metabolic compounds in the leaf during grain filling are also affected by the 
environment (varying the supply of N and sulphur (S)) (Howarth et al., 2008). 
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In contrast, the proportion of different compounds in the grain seems more 
dependent on plant developmental stage than the environment, as N and S 
treatments have a smaller effect on the composition of the grain than time after 
anthesis (Howarth et al., 2008). According to those authors, this (lack of) 
coordination between senescence and grain fill could potentially be modified 
by breeding, to ensure optimal use of available N resources.  
While environmental stresses often accelerate senescence, varieties with the 
ability to stay green under stress have been found to give higher yields. The 
‘stay-green’ trait has been identified in drought-tolerant varieties of sorghum 
(e.g. Borrell et al., 2000), and is also associated with higher yields at low N 
conditions in sorghum, maize and wheat (Borrell & Hammer, 2000; Schulte 
auf’m Erley et al., 2007; Gaju et al., 2011). In addition, the stay-green trait has 
been discussed as a way of increasing the yield of crops in general, through 
maximising the investment made in each leaf (Thomas & Howarth, 2000). 
However, there may be a trade-off between keeping N in the leaves to produce 
biomass that might be translocated to the grains, and transporting N to the 
grain earlier and possibly more efficiently.  
Senescence of wheat leaves during grain filling is a type of programmed 
cell death which is controlled by the plant. In the model plant Arabidopsis 
thaliana more than 800 genes have been found to have an altered expression 
pattern in leaves during senescence (Buchanan-Wollaston et al., 2005). A 
specific group of genes believed to affect plant senescence is the NAM (No 
Apical Meristem) genes. The NAM genes belong to a larger family, the NAC 
(NAM, ATAF1,2, CUC2) transcription factors, which are known to be 
important for many plant developmental processes (Olsen et al., 2005). An 
RNAi wheat line in which expression of all NAM genes is repressed has been 
produced and it has been found that 12 days after anthesis the flag leaves of 
this line shows a change in expression pattern for 691 genes (Cantu et al., 
2011). Some of these genes are down-regulated in the line with functional 
NAM alleles compared to the RNAi line, for example some genes believed to 
be related to the photosynthetic machinery and other functions no longer 
needed during senescence. Others are up-regulated, for example proteins 
induced by jasmonic acid and abscisic acid. Jasmonic acid is known to be 
involved in plant defence against herbivores and necrotrophic pathogens, while 
abscisic acid is involved in many stress responses (Taiz & Zeiger, 2006; 
Pieterse et al., 2009). Uauy et al. (2006a) showed that this same RNAi wheat 
line has delayed senescence, as well as reduced concentrations of protein, Zn 
and Fe in the grain. This indicates a genetic link between senescence and the 
retranslocation of nutrients from the senescing leaves to the grain, suggesting it 
could be manipulated using plant breeding.  
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3.3 Breeding and NUE 
Wheat was domesticated around 10 000 years ago in the Fertile Crescent of 
South West Asia, at a time when humans were transitioning from being hunter-
gatherers to being farmers. Triticum aestivum ssp. aestivum, or bread wheat, is 
a hexaploid species which is a hybrid with genomes from three ancestral 
species. It was formed when tetraploid domesticated T. turgidum wheat 
hybridised with the diploid Aegilops tauschii (Zohary et al., 2012). The 
cultivation of bread wheat has been very successful and it is grown in a wide 
range of environments worldwide. Part of this ability to adapt to different 
environments may be due to the large genetic diversity contained in the three 
genomes, and a buffering effect of being hexaploid leading to subtle, rather 
than detrimental, effects of mutations (Dubcovsky & Dvorak, 2007). It has 
been suggested that functional traits of seed and seedlings contributed to the 
domestication of wheat, in preference to other wild grass species (Cunniff et 
al., 2014). For example, grasses which were domesticated (e.g. T. turgidum 
ssp. dicoccoides, wild emmer) have higher seed and seedling biomass than 
other non-domesticated grasses also collected by early humans. These traits 
would give the species a competitive advantage both in the disturbed, fertile 
habitats in the vicinity of early settlements and in cultivated fields (Cunniff, et 
al., 2014). 
Improved yield has been an important plant breeding goal for the last 150 
years or so (Åkerman, 1951; Slafer & Andrade, 1991; Sinclair, 1998; Peltonen-
Sainio et al., 2009). Before that, straw production for manure collection was 
also important and was associated with lower yield (Sinclair, 1998). However, 
yields of today’s standard may have been reached in some societies thousands 
of years ago, e.g. in Babylon and in ancient Israel, based on information in 
ancient literature (Sinclair, 1998). Since yield and N are closely connected (e.g. 
Sinclair & Jamieson, 2006), it seems likely that breeding for yield has affected 
NUE.  
Harvest index is the ratio of grain biomass to total aboveground biomass. It 
is a measure of the allocation of biomass between grain and straw. Early in the 
20th century, the harvest index was about 0.3 (i.e. producing a lot of straw), 
whereas more recent varieties have a harvest index of about 0.5, while the total 
biomass has been quite stable (for a given N level) (Austin et al., 1980; 
Sinclair, 1998). Sinclair (1998) argues that this increase in harvest index must 
involve increased N accumulation, since grains have a much higher N 
concentration than straw. 
While still being much higher than straw N concentration, grain N 
concentration is reported to have decreased over the 20th century in both 
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Argentinian and Italian cultivars when varieties are grown at equal conditions 
(Calderini et al., 1995; Guarda et al., 2004).  
3.3.1 NUE of wheat varieties in the Nordic countries in recent times 
Nitrogen use efficiency (determined according to Moll et al. 1982) in Nordic 
spring wheat varieties has previously been shown to have increased during the 
20th century (Muurinen et al., 2006), mainly owing to changes in uptake 
efficiency. Wheat grain yields have also increased due to advances in breeding 
worldwide (Slafer & Andrade, 1991) and in Swedish and Finnish spring wheat 
varieties (Ortiz et al., 1998; Peltonen-Sainio et al., 2009). There is often a 
negative relationship between grain N concentration and yield (Kibite & 
Evans, 1984), but there are also exceptions. Peltonen-Sainio et al. (2012) 
studied the yield and protein concentration in Finnish cultivars and advanced 
breeding lines of spring cereals tested in many field trials and found a negative 
relationship between yield and protein concentration in spring wheat, as often 
observed elsewhere (e.g. Kibite & Evans, 1984). However, there were also 
lines which had both high yield and high grain protein concentration, resulting 
in high protein yields. In the advanced breeding lines, the protein yield was 
generally higher than in the official variety trials, showing that there is a real 
possibility to increase the protein yield. 
In Sweden, breeders recognised at an early stage (in the beginning of the 
20th century) that wheat landraces had some positive traits. This resulted in 
efforts to combine the good baking quality and early maturation of some 
Swedish landraces with the high yield of varieties from abroad. Early 
maturation was particularly important for spring wheat, which matures later 
than winter wheat (Åkerman, 1951).  
3.3.2 Genetic background of NUE – the example of NAM-B1  
The gene NAM-B1 is believed to be important for wheat grain weight, grain N 
concentration and plant senescence. Therefore, it is related to N use and has 
been thought to play a role in the development of modern wheat (Dubcovsky & 
Dvorak, 2007). The wildtype (wt) allele of one of the NAM genes (see section 
3.2.3), NAM-B1, was first identified through its positive effect on grain protein 
concentration (GPC) in wild emmer wheat (T. turgidum L. ssp. dicoccoides) 
and was initially called GPC-B1. Avivi (1978) observed that wild emmer had a 
high grain protein concentration. A locus for high GPC originating in emmer 
wheat was found using durum wheat (T. turgidum L. ssp. durum) - wild emmer 
wheat  substitution lines (Cantrell & Joppa, 1991; Joppa et al., 1997). The 
locus was later mapped with higher resolution (Distelfeld et al., 2006) and the 
gene was sequenced (Uauy et al., 2006b). The functional allele of the gene 
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found in emmer wheat codes for a NAC-domain protein (Uauy et al., 2006b). 
There are also two non-functional alleles, one with a one base pair insertion 
and one with a large deletion (Hagenblad et al., 2012). The functional allele 
has been found to increase GPC both in tetraploid (Steiger et al., 1996; Chee et 
al., 2001; Uauy et al., 2006a) and hexaploid wheat backgrounds (Mesfin et al., 
1999; Uauy et al., 2006a; Brevis & Dubcovsky, 2010; Kumar et al., 2011). 
Most modern wheat lines carry a non-functional allele of this gene (Uauy et al., 
2006b). However, the functional allele has been identified in hexaploid wheat 
included in a selection of wheat varieties from the International Exhibition in 
London in 1862 (Asplund et al., 2010). This raises the possibility that the 
functional allele of this gene was not lost during domestication, but during 
modern breeding in the 20th century. 
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4 Methods 
4.1 NUE definition 
One aim of this thesis was the development of a NUE concept (Equation (1)) 
integrating the production aspects of agronomic NUE definitions and the plant 
N aspects of the ecological NUE definitions (Paper I). This requires plant 
sampling at several time points during plant development, which involved 
more work than e.g. the method of Moll et al. (1982). On the other hand, the 
method developed considers N during growth, which is when N is being used, 
rather than the situation at harvest, when N has reached its ‘final destination’ in 
the plant. Similarly to ecological definitions, this definition considers only 
internal N, i.e. while N in the environment affects the value, it is not included 
directly in the calculations. Similarly to agronomic definitions, it considers 
properties of the harvested plant parts. The method also allows for comparisons 
between e.g. annuals and perennials. 
?????? ?????????????? ??????????????????? ???????????????? ???? 
??
?? ? ?
??
?? ??? ??
??
?? ??? ??
??
?? 
This concept defines overall NUE as the content (i.e. weight) of N in the 
harvested grain (Ng) (sometimes called grain N yield), divided by the N content 
of the seed (sown) grain (Ns). In this thesis, Ns was estimated in greenhouse 
and field experiments by assuming that all grains that germinated had the same 
percentage N concentration as the N whole lot of sown grain. In the climate 
chamber experiment, the percentage N concentration in all sown grain was 
estimated by weighing sown grain and assuming a grain N concentration of 
2%. 
(1) 
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Overall NUE can be divided into three components: UN, EN,g and CN,g. UN is 
the uptake efficiency, and reflects the plant’s ability to use the N that was 
available in the seed grain to accumulate N for the plant. It is calculated by 
dividing N' by Ns, where N' is mean plant N content during the major growth 
period. In wheat the major growth period is between the start of accelerated 
growth in the spring and the start of grain filling (Figure 1). In practice, in this 
thesis these two samplings were made at a certain point in time for all varieties 
and treatments in each experiment, which may not always have corresponded 
to the actual beginning and end of the major growth period, since the varieties 
differ somewhat in development. It would also be possible to use a modelling 
approach to target the correct sampling time more accurately. 
Figure 1. Example of nitrogen (N) accumulation in a spring wheat crop, indicating N amounts 
used in the definition of N use efficiency (NUE). Ns = N content of the seed (sown) grain, N' = 
mean plant N content during the major growth period. 
The grain-specific N efficiency, EN,g, is calculated by dividing grain yield (Bg) 
by N'. It reflects the importance of N for biomass production. The last 
component is CN,g, which is the N concentration in the harvested grains. It 
integrates the retranslocation of N to the grain and, in the case of wheat, a 
quality measure.  
The components can be further sub-divided for comparisons with other 
ecological studies, or modified for other types of crops. This is explained in 
Paper I, but was not utilised in any other paper in this thesis. 
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4.2 Summary of growth experiments 
This thesis is based on data from three growth experiments (Table 1): 
1. A one-year field experiment with six varieties each of winter and spring 
wheat and two levels of N fertilisation (Figure 2). A field experiment is the 
most realistic setting for a wheat crop, but it has limits because there are 
many factors that cannot be controlled. 
2. A greenhouse experiment with the same six spring wheat varieties, two 
levels of fertilisation and three levels of drought (Figure 3). The experiment 
was performed in the greenhouse because it is easier to control irrigation 
under greenhouse conditions. Furthermore, using pots and perlite as a 
substrate allowed extreme fertilisation treatments to be included. Extreme 
treatments make it possible to identify effects that would be too small to 
measure in the field, but also limit the applicability of the results to field 
conditions. 
3. A climate chamber experiment in which 42 varieties of spring wheat, 
genotyped for their allele type of NAM-B1, were grown without any 
additional treatments (Figure 4). These controlled growing conditions were 
used to minimize environmental variation since the effect of the allele on 
the phenotype was expected to be difficult to detect in varieties of different 
genetic backgrounds. 
 
 
Table 1. Overview of growth experiments presented in Papers II, III and V of this thesis. 
Experimental set-up Number of 
varieties 
Fertiliser 
levels 
Drought 
levels 
Number of 
replicates 
Paper 
Field 12 2 1 4 II,III 
Greenhouse 6 2 3 4 II 
Climate chamber 42 1 1 4 III,V 
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Figure 2. Field experiment with six varieties each of winter and spring wheat and two
levels of N fertilisation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Greenhouse experiment with six spring wheat varieties, two levels of
fertilisation and three levels of drought. 
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Figure 4. Climate chamber experiment with 42 varieties of spring wheat
genotyped for allele type of NAM-B1, grown without any additional treatments. 
4.3 Treatments 
4.3.1 Fertilisation 
Two of the experiments included N fertilisation treatments. In the field 
experiment, the ‘high’ fertilisation treatment was similar to the amount 
commonly used for wheat in the experimental area, which was 81 kg N ha-1 as 
ammonium nitrate, mixed with calcium carbonate and sulphur. The ‘low’ 
treatment did not receive any fertiliser and had only soil N available. In the 
greenhouse experiment, a complete nutrient fertiliser was used and a higher N 
concentration was given in the ‘high’ fertiliser treatment. Therefore the ratio of 
different elements was the same in both treatments, and plants should not have 
been limited by elements other than N. 
4.3.2 Drought 
The drought treatments in the greenhouse experiment were created by 
withdrawing watering until drought effects were visible and there were 
variations between the varieties. One treatment received full watering during 
the whole experiment. The second treatment had a drought that started before 
flowering, and therefore proceeded during flowering. The third drought 
treatment started when all plants had started to flower. 
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4.4 Plant material 
For the greenhouse experiment and the field experiment, the spring wheat 
varieties used were ‘Diskett’, ‘Granary’, ‘Quarna’, ‘Stilett’, ‘Vinjett’, and a 
landrace originating from Dalecarlia (‘Dala’) that had been grown at the 
experimental site for around 10 generations. For the field experiment, the 
winter wheat varieties used were ‘Kranich’, ‘Harnesk’, ‘Kosack’, ‘Olivin’, 
‘Loyal’ and a landrace originating from Germany that had also been grown at 
the site for around 10 generations. These varieties were chosen to span the 
range of variation found in varieties tested in the Swedish variety trials. The 
seeds were provided by SW Seed, Forsbecks AB and Lennart Karlsson, the 
operator of the field station where the experiment was performed.  
A large set of varieties was genotyped to investigate the spatial and 
temporal distribution of the functional wt allele of NAM-B1 (Paper IV). First, 
367 worldwide bread wheat accessions belonging to the INRA core collection 
were genotyped. This collection was assembled to represent the genetic 
diversity present in cultivated wheat based on genetic analyses of 
approximately 4000 accessions (Balfourier et al., 2007). Then 138 spring 
wheats from northerly latitudes were genotyped. These were provided by 
INRA Genetic Resource Center Clermont-Ferrand, the Nordic Genetic 
Resource Center (NordGen) and the historical seed collection of KSLA (Leino 
et al., 2009). In addition, 22 spelt wheat accessions (T. aestivum spp. spelta) 
provided by INRA and NordGen were genotyped. All winter wheat varieties 
used in the field experiment and two of the spring wheat varieties (‘Dala’ and 
‘Vinjett’) were also genotyped for presence of the functional wt allele of NAM-
B1. 
The study of grain N concentration and senescence in varieties with 
different alleles of NAM-B1 included 41 varieties (Paper V), most of which 
were also included in Paper IV. The varieties have been grown in Sweden at 
some point, and/or been used as breeding material in early breeding 
programmes. Three of the varieties used were provided by Lennart Karlsson 
and 38 by NordGen. 
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5 Results 
5.1 Effects of genotype and environment on response variables 
5.1.1 Effects of genotype and environment on NUE 
Overall NUE and CN,g differed between varieties in all three experiments. The 
components UN and EN,g differed between varieties in the greenhouse and the 
field experiments, i.e when measured. 
There were also some general differences between spring and winter wheat, 
based on the results from the field experiment. NUE and UN were higher in 
winter wheat than in spring wheat, CN,g was higher in spring wheat and EN,g did 
not differ between spring and winter wheat types.  
High fertilisation treatments increased NUE, UN and CN,g and decreased 
EN,g in both the greenhouse and field experiments. The effect of fertilisation on 
NUE and components was different in different varieties in both the 
greenhouse and field experiments, i.e. there were significant genotype × 
environment effects. Uptake efficiency increased less in ‘Granary’ than in 
other varieties in the high N treatment in the greenhouse. The variety ‘Quarna’ 
had a smaller reduction in EN,g than the other varieties at high N in the 
greenhouse. In the field, there were mainly G × E effects in the winter wheat 
varieties. These effects in both NUE and the components were likely due to a 
high response to high N in ‘Kosack’, and a low response in ‘Olivin’. 
Drought treatments in the greenhouse decreased NUE and EN,g, while they 
increased CN,g. Drought affected the CN,g and NUE of different varieties in 
different ways in the greenhouse (i.e. G × E interaction). 
A comparison of the NUE concept (Equation (1)) in different experiments 
showed that while some components differed, the varieties ranked similarly in 
overall NUE and UN in the greenhouse and in the field. UN was higher in the 
field and EN,g was higher in the greenhouse. Mean NUE was around 300 g g-1 
in the climate chamber experiment, which was much higher than in the other 
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two experiments where mean NUE was around 10-40 g g-1 (Table 2). The NUE 
calculated according to Moll et al. (1982) was similar in the field at high N and 
in the climate chamber (Table 2).  
Table 2. Mean values of NUE in spring wheat in the greenhouse, field and climate chamber 
experiments, calculated according to the method of Weih et al. (2011) and Moll et al. (1982). The 
values for the greenhouse include only the treatments without drought. Bg = biomass of produced 
grain at final harvest. 
Experiment N treatment NUEWeih (g g-1) Bg NUEMoll (g g-1) 
Greenhouse low N 16 0.73 g plant-1 38.4 
 high N 44 0.86 g plant-1 5.7 
Field low N 12 266 g m-2 28.1 
 high N 19 384 g m-2 21.8 
Climate chamber  300 22 g plant-1 18.6 
 
5.1.2 Effects of genotype and environment on functional traits 
The varieties differed in many of the functional traits measured. Winter wheat 
seedlings differed in aboveground biomass and specific root length in the field 
experiment, but we did not find differences in spring wheat in the field. In the 
greenhouse on the other hand, the same spring wheat varieties’ seedlings 
differed in SRL (p=0.0003) and biomass (p<0.0001) at the harvest in the 
beginning of the major growth period (GS 13, Tottman, 1987). The 
development around flowering differed between varieties in all three 
experiments. The SPAD-value of the flag leaf around flowering differed 
between varieties in all experiments, and the spring wheat varieties ranked 
similar in SPAD value in the greenhouse compared to the field. Straw biomass 
(at final harvest) differed between varieties in the greenhouse (p<0.0001) and 
the climate chamber (p=0.0004) but not in the field experiment. Senescence, 
measured as a visual assessment of yellow leaf area in the field experiment and 
modelled based on SPAD readings in the climate chamber (p<0.0001 for start 
and length of senescence) also differed between varieties. 
SPAD-value of the flag leaf at anthesis was higher in the winter wheat than 
in the spring wheat. Senescence differed between types, mainly due to a 
significant type × fertilization effect where winter wheat of low fertilization 
had senesced more at the times of assessment (spring wheat was assessed one 
week after winter wheat). 
High fertilization increased SPAD values in the field experiment, but not in 
the greenhouse (p=0.18 for variety × fertilization). In winter wheat there was a 
variety × fertilization effect of SPAD around anthesis and number of harvested 
grain. 
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5.2 Associations between NUE and functional traits 
5.2.1 Multivariate analysis of NUE and functional traits 
We used a partial least squares analysis to determine which functional traits 
that were important for NUE in the climate chamber experiment. SPAD-value 
of the flag leaf at stem elongation, number of grains per ear, number of ears per 
pot, straw biomass per pot, days between emergence and anthesis, and days 
between emergence and completed senescence were identified as important 
traits. Traits that were included in the analysis but not identified as important 
were single grain weight, plant height, days between anthesis and start of 
senescence, rate of senescence, SPAD at anthesis, harvest index, days between 
start and end of senescence and year of release of the variety. 
5.2.2 Uptake efficiency and early vigour 
Uptake efficiency was not correlated with seedling biomass or SRL in winter 
wheat, and spring wheat varieties in the field did not differ in these traits. 
There were however negative correlations between NUE and seedling biomass 
at low N. In the greenhouse, where differences between varieties in seedling 
SRL and biomass were detected, we found no significant correlations with UN 
either. 
5.2.3 Uptake efficiency and SPAD 
There was no correlation between UN and SPAD in the field or in the 
greenhouse (p=0.06 and p=0.09 for LN and HN in the greenhouse 
respectively). Neither were there any significant correlations between Bg and 
SPAD within or across treatments in the field experiment. However, there was 
a positive correlation between Bg and SPAD in the climate chamber 
experiment (Pearson correlation coefficient=0.64, p<0.0001). In the 
greenhouse experiment in the no drought treatment, there was a negative 
correlation between Bg and SPAD value around anthesis (Pearson correlation 
coefficient=-0.81, p=0.05) at LN, but not at HN (Pearson correlation 
coefficient=0.70, p=0.12). 
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5.2.4 Grain N content and SPAD 
NUE was positively correlated with SPAD at anthesis in winter wheat low N. 
As previously mentioned, the SPAD value was also identified as important for 
NUE in the climate chamber experiment. In the field, Ng was positively 
correlated with SPAD at anthesis, in both HN and LN in the winter wheat. The 
correlation between Ng and SPAD was also significant in the climate chamber 
(Figure 5). When comparing the results from the different experiments of the 
spring wheat varieties grown in greenhouse and field, there was a positive 
correlation in NUE and UN at both fertiliser levels, in SPAD at low N, but no 
correlation within any N treatment in Ng (Figure 6).  
 
 
 
 
Figure 5. Plot of grain N content versus SPAD value in 41 spring wheat varieties grown in the 
climate chamber experiment presented in Paper III and V (Pearson correlation efficient=0.74, 
p<0.0001). 
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Figure 6. Scatterplots of A) NUE, B) UN, C) Ng and D) SPAD of spring wheat varieties in the 
greenhouse (Paper II) and in the field experiment (Paper II, III). Symbols are mean values for 
each variety within the N treatments. Open circles represent the low N treatment, filled circles the 
high N treatment. The p-values for the correlations between values within each treatment are 
written in the plots. 
5.2.5 Grain N concentration, grain-specific N efficiency and senescence 
We found a positive correlation between yellow leaf area and CN,g as 
hypothesized, but only in winter wheat grown at LN.  There was also a 
negative correlation between EN,g and yellow leaf area in the same treatment. 
However, NUE was not correlated with yellow leaf area in any of the 
treatments in the field experiment. In the climate chamber analysis the total 
time from emergence to complete senescence was found important for NUE 
but not the senescence start, rate and length. There was no significant 
correlation between CN,g and any senescence parameter, or the time from 
emergence to complete senescence, in the climate chamber experiment. 
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5.3 Distribution and possible effects of the wildtype allele of 
NAM-B1 
5.3.1 Geographical distribution of the NAM-B1 wildtype allele 
The functional wt allele of NAM-B1 was found in 5 varieties in the INRA 
collection of 367 worldwide wheat varieties. Out of these 5 varieties 3 spring 
wheat accessions could be traced to northern locations (with Polish, Finnish or 
Swedish spring wheats in their pedigrees). The wt allele frequency was higher 
in the spring wheat varieties (4/119) compared to the winter wheat varieties 
(1/234). Therefore, an additional 138 spring wheat varieties of northern latitude 
were screened for the allele of NAM-B1. The wt allele was found in 46 of the 
varieties with a northern origin (Table 2), having a frequency of 33.3 % in the 
northern accession compared to 1.4 % in the INRA world core collection. In 
this northern set of varieties, all accessions carrying the wt allele were from 
Denmark, Finland, Norway and Sweden. Out of the 49 Swedish accessions, 14 
had the wt allele. The highest proportion of the wt allele was found in Norway. 
Out of 20 genotyped Norwegian varieties, 16 had the wt allele (Table 3). None 
of the genotyped varieties from the field experiment carried the functional 
allele. 
Table 3. Distribution of NAM-B1 allele type in spring wheat accessions with a northern origin. 
Published in Paper IV (Hagenblad et al., 2012). 
 + 1 bp Deletion Wildtype Total 
Total 23 69 46 (33.3 %) 138 
Country     
Canada 1 8 0 9 
Denmark 2 2 2 (33.3 %) 6 
Finland 6 9 14 (48.3 %) 29 
Germany 0 4 0 4 
Japan 2 6 0 8 
Republic of Korea 1 0 0 1 
Mongolia 1 1 0 2 
Norway 1 3 16 (80 %) 20 
Poland 3 0 0 3 
Russia 3 4 0 7 
Sweden 3 32 14 (28.6 %) 49 
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Figure 7. Timeline of development of varieties with the functional wildtype (wt) allele and 
varieties with the non-functional deletion (del) allele. The scale is mean number of days (SE in 
brackets). Time spans that are significantly different between the allele types are indicated with * 
on both groups of varieties (p<0.001). a=emergence, b=anthesis, c=modeled start of senescence 
of flag leaf (t), d=complete senescence of flag leaf. Published in paper V (Asplund et al., 2013, 
doi:10.1371/journal.pone.0059704.g002). 
 
5.3.2 Phenotypic differences between varieties carrying different alleles of 
NAM-B1 
Varieties carrying the functional wt allele of NAM-B1 had a shorter period of 
senescence than varieties with the non-functional deletion (del) allele (Figure 
7). The wt varieties also reached anthesis earlier. However, the duration in time 
between anthesis and start of senescence did not differ between varieties with 
the wt allele compared to varieties with the del allele, resulting in a shorter 
total time from emergence to complete senescence in varieties with the wt 
allele. 
The mean grain weight was lower in varieties with the wt allele compared 
to varieties with the del allele, but the wt varieties yielded more in total. The wt 
varieties had more ears, but the number of grains per ear did not differ between 
varieties with the wt allele compared to varieties with the del allele. 
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The yields (total weight per pot) of macronutrients Mg and P in the grain were 
higher in the group of varieties with the wt allele. The yields of macronutrients 
N, K, Ca and S in the grain did not differ between varieties of the different 
alleles. In the straw the yields of Ca and S were lower in the wt varieties. 
We also studied the micronutrients (Fe, Mn, Zn, Cu, and Na). The yields of the 
micronutrients in the grain did not differ between the groups, but the yield of 
Fe in the straw was higher in the group of varieties with the wt allele. 
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6 Discussion 
6.1 Genetic and environmental influence on NUE and functional 
traits 
6.1.1 Differences between varieties (Papers II and III) 
Overall NUE and measured NUE components differed between varieties in the 
greenhouse, field and climate chamber experiments (Papers II, III), which 
confirms that there is a genetic component of NUE which allows for breeding. 
Functional traits also differed between varieties. Winter wheat seedlings 
differed in early biomass and SRL in the field experiment (Paper III), while 
spring wheat seedlings showed little genetic variation and only differed 
significantly in the greenhouse (Paper II). This suggests that differences 
between the spring wheat varieties are so small that they are difficult to detect 
in the field due to high environmental variation. It is also possible that the field 
environment influenced growth in such a way that differences between the 
seedling characteristics of varieties were minimised.  
The developmental rate differed between the varieties studied. Therefore, 
since all varieties were sown on the same date, anthesis took place at different 
dates. It is known that the effects of environmental conditions during a specific 
time period on e.g. yield and yield components depend on the developmental 
stage of the crop that period. For example, high temperatures during early ear 
development may reduce the number of spikelets per ear and warm 
temperatures  around anthesis may reduce the number of grains through 
induction of pollen sterility and infertile florets (Porter & Gawith, 1999). Since 
the development differed between varieties, the specific environment at the 
same growth stage was not exactly the same for all varieties in the field and 
greenhouse experiments, where conditions could not be completely regulated 
(Papers II and III). The specific effects of developmental rate cannot be 
distinguished in these experiments.  
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The fact that the varieties ranked similarly in SPAD values between the 
greenhouse and the field (Papers II and III), despite quite different growing 
conditions, highlights the effect of the genetic component of this plant 
characteristic. Senescence differed at low N in the field in winter wheat (Paper 
III). This could indicate that N was limiting to different extents in these 
varieties and/or that there were genetic differences in senescence. The 
functional allele of NAM-B1 was not present in any of the winter wheat 
varieties or in any of the genotyped spring wheat varieties in the field. 
Therefore, this particular gene was not responsible for the differences between 
the senescence of winter wheat varieties at low N. 
6.1.2 Differences between spring and winter wheat (Paper III) 
The higher NUE in winter wheat than in spring wheat in the field experiment 
(Paper III) can partly be explained by the different seed rates. The N content of 
seed grain (Ns) was higher in spring wheat, while the N content of the 
harvested grain did not differ between spring and winter wheat. Winter wheat 
thus achieved the same Ng with lower input of N in the sown grain. The higher 
UN in winter wheat could also be explained by larger root systems, which 
contribute to obtaining the N. Winter wheat roots have been observed to reach 
depths twice those of spring wheat (Thorup-Kristensen et al., 2009). 
Furthermore, the SRL of winter wheat in the spring was higher than in spring 
wheat. 
Winter and spring wheat did not differ in EN,g (Paper III). The EN,g can be 
viewed as a product of allocation of biomass to the grain and the total biomass 
produced from the N', both of which only differed between varieties and not 
between types (unpublished data). This indicates an absence of general 
differences in photosynthesis per unit of N between them. The CN,g  was higher 
in spring wheat than in winter wheat (Paper III), as has been observed 
previously (e.g. in the Swedish wheat variety trials; Larsson et al., 2012). This 
could be the result of environmental, rather than genetic, differences between 
the types, since winter wheat is sown several months before spring wheat and 
their developmental stages do not coincide. The genetic difference between 
spring and winter wheat was eliminated in a study investigating the same 
facultative wheat sown in autumn and in spring in Turkey (Ozturk et al., 2006). 
They found that this variety had higher grain yield if sown in autumn and 
higher GPC if sown in spring. However, studies comparing spring and winter 
wheat CN,g for wheat grown in the same experimental design and at the same N 
fertiliser rate, as was done in this thesis, are rare. Since Ng did not differ 
between the types, while Bg was higher in winter wheat, the results are 
41 
consistent with the commonly observed negative relationship between Bg and 
CN,g (Kibite & Evans, 1984; Peltonen-Sainio et al., 2012). 
6.1.3 Influence of N and drought treatments (Papers II and III) 
High N fertilisation increased NUE in both the greenhouse (Paper II) and the 
field (Papers II and III). This was expected, because with higher N supply more 
N can be taken up and allocated to the grains. However, when NUE is 
calculated according to Moll et al. (1982) (i.e. grain weight/N supply), higher 
N fertilisation normally results in lower NUE (e.g. Moll et al., 1982). That is 
because the yield generally does not increase to the same extent as the N 
supply (e.g. Holford et al., 1992). A difference between varieties in NUE 
according to Moll et al.(1982) at a certain level of N fertilisation is basically a 
difference in grain yield, and not in N in both sown and harvested grains as in 
the NUE presented in Paper I. The UN also increased at high N and this was 
expected, since high N availability should increase the mean N of the plant. It 
is well known that CN,g increases at high N and N fertiliser application is used 
to increase grain protein concentration (Hay & Porter, 2006, p. 206). The only 
NUE component that decreased at high N, in both the greenhouse and field 
experiments, was EN,g. This was related to a decrease in total biomass produced 
per mean N during the major growth period. The proportion of biomass 
allocated to the grain was unaffected by N fertilisation in the field. The 
component EN,g, is similar to the utilisation efficiency of Moll et al. (1982), i.e. 
grain weight/total N at maturity. The difference is that the utilisation efficiency 
is based on the total plant N at crop harvest and the grain-specific N-efficiency 
is based on the mean N during the major growth period.  
Wheat production is limited by water in many parts of the world (Araus et 
al., 2002), and water can also be limiting at high latitudes such as Sweden and 
Finland (Flink et al., 1995; Peltonen-Sainio et al., 2011). More severe summer 
droughts can be expected in large parts of Sweden in the future, because of 
climate change (Swedish Commission on Climate and Vulnerability, 2007). 
The drought treatment in the greenhouse experiment (Paper II) resulted in 
increased grain N concentrations. Similarly, Ozturk and Aydin (2004) found 
that early, late or continuous drought increased GPC and decreased yields in 
one wheat cultivar grown in a field experiment in Turkey. The decrease in 
yield is mainly due to a reduction in fertile florets and grain numbers at early 
(pre-anthesis) drought, and a reduction of single grain weight at late (post-
anthesis) drought (Rajala et al., 2009). High N fertilisation actually reduced 
yield compared with low fertilisation in the greenhouse experiment, and NUE 
did not increase much at high N fertilisation in the drought treatments. 
Similarly, reduced grain yields at high fertilisation have been observed 
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previously in terminal drought conditions in the field (van Herwaarden et al., 
1998). In that case, high early N-availability promoted vegetative growth, 
which resulted in a water deficit and reduced assimilation after anthesis (van 
Herwaarden et al., 1998). 
6.1.4 Influence of experimental set-up (Papers II, III and V) 
In the climate chamber experiment (Papers III and V), NUE was much higher 
than in the field (Papers II and III) or the greenhouse (Paper II), which could be 
explained by the plant density in the climate chamber being much lower (2 
plants pot-1=151 plants m-2 in the climate chamber compared with 550 plants 
m-2 in the greenhouse experiment and field).  
The EN,g was higher in the greenhouse than in the field. This was related to 
both a higher proportion of biomass being allocated to grain in the greenhouse 
(maximum mean within fertiliser treatments was 0.54 in the greenhouse and 
0.40 in the field), and higher biomass production per mean N in the major 
growth period. However, the latter could be related to earlier sampling time in 
the greenhouse than in the field, and therefore the value of the comparison of 
absolute values is limited. The harvest index, on the other hand, could be 
connected to the growth conditions, since wind or other uncontrolled effects in 
field conditions may have contributed to sturdier plants and higher allocation 
of biomass to the straw in the field. The UN was higher in the field. This could 
also be related to the timing of the sampling, since early sampling, as in the 
greenhouse, should result in low UN and high EN,g. It could also be connected 
to a difference in N availability in the field compared to the greenhouse. 
It should also be noted here that plant density was used as a covariate in the 
analyses of NUE components in Paper II, but not in Paper III. That is why the 
F and p values do not correspond completely. The reason why plant density 
was not used as a covariate in Paper III was that both winter wheat and spring 
wheat were analysed in the same analysis. Since the number of plants was very 
different between the types, it was not appropriate to use it as a covariate. 
However, in general this did not change the outcome of the analyses.  
6.2 NUE as determined by functional traits 
6.2.1 Difference in senescence at low N – functional traits in limiting conditions 
(Paper III) 
There was a positive relationship between the senesced leaf area and CN,g, and 
a negative relationship with EN,g as hypothesised, in winter wheat at low N 
(Paper III). In addition, there were significant interactions between genotype 
and fertilisation in many variables in the winter wheat, but we found no such 
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interactions in the spring wheat. These results suggest that in the field 
experiment, N was a limiting factor in the winter wheat low N treatments. 
Furthermore, there was genotypic variation due to this limitation and the 
functional traits studied in Paper III became a factor which separated the 
varieties in this situation. It has been suggested that selection in the target 
environment in breeding programmes promotes high yields under these 
conditions (e.g. low-input barley cultivation, Ceccarelli, 1996; low N-input 
wheat cultivation, Brancourt-Hulmel et al., 2005; organic wheat cultivation, 
Löschenberger et al., 2008). In line with this, the results of the field study 
(Paper III) indicate possibilities of measuring functional traits in the breeding 
for more efficient varieties in N-limiting conditions. 
The genotype × environment interactions which were identified in the 
experiments indicate that the climate chamber experiment, which was 
performed under rather high N fertilisation, may have yielded different results 
under lower fertilisation (Paper III). At lower fertilisation levels, functional 
traits that were more important for NUE under limiting conditions could have 
been identified. However, the design used in this thesis should be more optimal 
for identifying traits that are important for NUE under less limiting conditions, 
which is relevant under prevailing agricultural management. 
 
6.2.2 NUE is positively related to number of grains (Paper III) 
The PLS identified both number of ears and number of grains per ear as 
important for NUE (Paper III). Together these variables determine the number 
of grains produced. The NUE can be viewed as how many times the N in the 
seed grain is multiplied in the harvested grain. Furthermore, the number of 
grains produced and the yield can be considered a result of the N accumulation 
by the plant, e.g. the N available in the developing spike is correlated with the 
number of grains (Sinclair & Jamieson, 2006). Therefore, it is logical that the 
number of grains produced is not only important for determining the yield, but 
is also related to the NUE, calculated according to Paper I. The experiments in 
Paper III did not allow any conclusions to be drawn regarding whether many 
grains result in high NUE, or the other way around. However, the results imply 
that breeding efforts improving yield by increasing the number of grains should 
also result in higher NUE, calculated as in Paper I (as well as according to 
Moll et al., 1982). 
6.2.3 Specific root length and uptake efficiency (Paper III) 
The absence of an association between specific root length and uptake 
efficiency in the field experiment (Paper III), contradicting the initial 
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hypothesis, could be related to effects of other root traits which were not 
measured. It is also possible that root traits and root distribution in the soil 
profile in later growth stages are more important than at the seedling stage, and 
these were not measured. Moreover, no connection was found between early 
biomass and UN winter wheat in the field experiment or in spring wheat in the 
greenhouse. Early vigour is believed to be beneficial for yield for different 
reasons, e.g. increased N uptake and weed competition (Richards & Lukacs, 
2002; Watt et al., 2005; Bertholdsson & Kolodinska Brantestam, 2009), and 
further experimentation is needed to determine the relationship between 
seedling traits and NUE. 
6.2.4 Positive relationship between uptake efficiency and grain biomass 
(Paper III) 
The uptake efficiency (UN) is related to the mean N in the plant during the 
growing season, which is likely to be important for biomass production. 
Accordingly, we found a positive relationship between UN and grain biomass 
in winter wheat at low and high N, while across treatments the relationship was 
close to significant (Paper III). The relationship between the specific leaf N 
content (here assessed by SPAD) and Bg was positive, but not significant. 
Semenov et al. (2007) predicted in a modelling study that a higher specific leaf 
N in wheat would result in lower NUE sensu yield per mineral N supply, rather 
than higher yield as in Paper III. However, the model contained assumptions 
which do not necessarily hold for Paper III. The SPAD values did not fully 
reflect UN in Paper III, since we did not find a relationship within treatments 
between SPAD and UN. This could be related to the particular increase in leaf 
area in response to plant N (or UN). Furthermore, we found no significant 
relationship between SPAD and the yield per mean N during the major growth 
period (EN,g), probably because the different varieties allocate different 
proportions of the total biomass to the grains. 
6.2.5 Positive relationship between SPAD value and grain N content (Paper III) 
A significant positive relationship was found between the SPAD values of the 
uppermost leaves and grain N content. This pattern was present in the dataset 
of 41 varieties tested in the climate chamber, in the field experiment as a 
general trend over all data, and within fertilisation treatments in winter wheat. 
While the SPAD value at stem elongation, but not at anthesis, was found to be 
important in the climate chamber, the SPAD value at anthesis was correlated 
with NUE and Ng in the field. That inconsistency could be related to extended 
access to N for the plants in the climate chamber experiment compared with 
those in the field experiment. The SPAD values have previously been found to 
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be correlated to protein yield within varieties of winter wheat and spring barley 
(Le Bail et al., 2005; Spaner et al., 2005). In Paper III a relationship was found 
between SPAD value and Ng across different varieties. These results suggest 
that a variety with a high SPAD value is more likely to have high Ng and NUE 
than a variety with a lower SPAD value, information that could be used within 
breeding for development of more N use efficient varieties. 
6.3 Geographical distribution of NAM-B1 and plant development 
(Paper IV and V) 
Genotyping of a large number of wheat genotypes confirmed that the 
functional allele of the gene NAM-B1 has been preserved in Swedish, Danish 
Finnish and Norwegian varieties (Paper IV). However, this allele was not 
present in varieties from all northern regions investigated here. Therefore the 
hypothesis that the functional allele is preserved at northerly latitudes in 
general was not supported. However, it still seems likely that part of the reason 
that the functional allele is preserved in Fennoscandia is because it is 
associated with traits that are beneficial in a short growing season. 
Varieties with the functional allele of NAM-B1 had faster senescence than 
varieties with a non-functional allele, in line with our hypothesis (Paper V). 
Furthermore, varieties with the functional allele had a shorter time between 
emergence and anthesis, as well as between emergence and complete 
senescence. These results suggest a possible effect of NAM-B1 on plant 
developmental rate. Barley carries an ortholog of NAM-B1 with similar effects, 
HvNAM-1 (Parrott et al., 2012). A barley line with the high GPC allele of this 
gene has been found to flower 5 days earlier than a low GPC line, an effect 
caused by accelerated development of the inflorescence in the high GPC line 
(Lacerenza et al., 2010). Further investigations have shown that the high GPC 
barley line has earlier anthesis under long and short days, but not after 
vernalization, while senescence is accelerated under all conditions (Parrott et 
al., 2012). Both accelerated senescence and early anthesis should be beneficial 
in an environment with a short growing season. If development in general is 
affected by NAM-B1, this could partly explain why the wt allele is so much 
more common in the Fennoscandian wheat varieties tested in this thesis than in 
the world wheat core collection. However, studies on vernalization and day 
length in wheat are needed to clarify this point. 
Some contradictory conclusions regarding NAM-B1 and growing season have 
emerged from studies of the functional allele introgressed into hard red spring 
wheat varieties from the Pacific Northwest Region of the USA (Carter et al., 
2012). While those authors found effects of the allele on senescence and grain 
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N concentration in greenhouse studies, such effects were not seen in the field. 
The temperatures during the course of their experiments (the accumulation of 
growing day degrees) differed between the environments, e.g. with high 
temperatures in the field after anthesis. Therefore, Carter et al. (2012) suggest 
that in the field, senescence may be already initiated before the effect of the 
NAM-B1 allele is manifested. Those authors also suggest that the potential for 
using the functional allele of NAM-B1 may be limited in areas with a short 
growing season and high mid-season temperatures. The effect of temperature 
regime has since been studied in an experiment with an RNAi line, in which all 
NAM-homologues are non-functional, and a functional line (Guttieri et al., 
2013). The functional and non-functional lines differed in patterns of 
senescence and grain N content both in heat stress and optimal temperature 
regimes and genotypes responded similarly to post-anthesis drought (Guttieri et 
al., 2013). This suggests that the effect of these NAM-genes is retained under 
drought and heat stress. 
Senescence is affected by both genotype and environment, and that could 
explain the difference in the effect of NAM-B1 in different environments. 
However, further experimentation with e.g. day length, temperature, 
fertilization and drought is required to identify the environments in which 
presence of the functional allele of NAM-B1 is beneficial. 
6.4 Varieties which differ in allele type of NAM-B1 also differ in 
senescence and other functional traits (Paper IV and V) 
The design of the experiment described in Paper V allowed conclusions to be 
drawn about how varieties with a functional NAM-B1 allele differ from 
varieties with a non-functional allele type. However, it is not possible to 
attribute this information directly to effects of the wt allele since the studied 
varieties also differ in other genes and the expression of the NAM-B1 gene may 
be modified by other interacting genes and/or linked to other traits. However, 
from a breeding perspective it is still interesting to evaluate the effect of the 
gene in different genetic backgrounds. 
Varieties with the functional allele of NAM-B1 did not differ in grain N 
concentration or yield, contrary to our hypothesis and previous reports on the 
effect of NAM-B1. This may be due to the gene having only a small (and 
undetectable in this dataset) effect on grain N. It may also be related to the 
specific environment in which the varieties were grown in this thesis. Both 
alternatives are important to investigate further and to consider for any 
breeding activities involving marker-assisted selection based on variation of 
this gene. 
47 
There were no differences between groups of varieties in terms of straw N 
concentration or allocation of N between grain and straw (N harvest index, 
NHI). However, the high GPC allele introduced into Argentinian wheat is 
reported to reduce the straw N concentration and increase NHI (Tabbita et al., 
2013). Waters et al. (2009) studied N allocation and found that functional NAM 
alleles seemingly increases the efflux of nutrients from the leaves and increases 
the allocation of nutrients to the grain. Our varieties differed in many aspects, 
e.g. harvest index, which complicates the investigations of translocation. This 
issue is probably best examined by more detailed studies of nutrient allocation 
in lines which only differ in the allele type of NAM-B1.  
In this thesis, the wt varieties had lighter grains but a higher total grain yield 
than varieties with a non-functional allele. Lighter grain in wt varieties has 
been noted previously (e.g. Tabbita et al., 2013). However, the effect of the 
functional allele on grain weight and yield has been found to vary between 
experiments and genetic background of the varieties (Uauy et al., 2006a). For 
example, one study investigated a wheat line in which all functional NAM-1 
homologues were mutated to become non-functional (Avni et al., 2014). It was 
found that although the mutated line had delayed senescence and was 
photosynthetically active for a longer time (i.e. the stay-green trait) there were 
no consistent effects on grain weight or yield.  
In this thesis, varieties with the functional allele of NAM-B1 also had more 
ears. Such an effect of the functional allele has been observed in a few previous 
cases. For example, some Indian lines with the functional allele produced more 
tillers (Kumar et al., 2011) and two Argentinian wheat varieties had more ears 
than varieties with the non-functional allele (Tabbita et al., 2013). Higher 
number of ears as was recorded in this thesis may be an effect of the wt allele 
that is only expressed in certain varieties or environments. It is also possible 
that the wt allele is linked to, or controlled by, other genes in the studied 
Swedish varieties. More ears is a way of increasing the number of grains per 
unit area (Peltonen-Sainio et al., 2007), and therefore a higher number of ears 
could contribute to higher NUE. 
Spelt wheat accessions were also genotyped, and the functional allele was 
found in five genotypes out of 22 tested (Paper IV). These were from Iran, 
Turkmenistan, Belgium and Switzerland, and could not be traced to a northern 
origin. Spelt wheats are known for having a good baking quality, being higher 
in GPC and lower in yield compared to bread wheat, even though there is also 
variation between varieties as in bread wheat (Rüegger et al., 1993; Campbell, 
1997). However, we did not study spelt wheat in the climate chamber, and the 
effects of NAM-B1 on senescence and nutrient retranslocation of spelt wheat 
remain to be investigated. 
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7 Conclusions 
Based on the experiments presented in this thesis, the following conclusions 
can be drawn: 
 
? The presented NUE concept is relevant in different experimental set-ups, 
shown by the varieties ranking similarly in overall NUE and uptake 
efficiency in the greenhouse and the field experiment. 
? Associations between functional traits and NUE were more evident at low 
N than at high N. This suggests that functional traits might be particularly 
useful for identifying efficient varieties at limiting N conditions.  
? High leaf chlorophyll, as measured by high SPAD values, could be used as 
an indication of a variety having high grain N yield, and likely high NUE. 
? The functional allele of NAM-B1 has been preserved in many varieties from 
Denmark, Finland, Norway and Sweden. 
? Varieties with the functional allele of NAM-B1 did not have higher grain N 
concentrations, contrary to the expectation. These varieties did however 
have accelerated senescence and more ears. The effect of the gene in 
different controlled environments needs to be further investigated. 
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